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RSF
Reverse salt flux 102 RO and also produce nutrient solution. The diluted fertilizer DS from the FDFO process 164 will be mixed with RO permeate and supplied for fertigation. In this system, CSG produced 165 water will be utilized as an influent and a highly concentrated fertilizer solution will be 166 used as DS for the RO-FDFO hybrid process. The diluted fertilizer solution can then be 167 obtained and supplied to fertigation. All FDFO experiments were carried out using a lab-scale FO system similar to the 208 one described in our previous studies [25] . The FO cell had two symmetric channels 209 consisting of 77 mm long, 26 mm wide and 3 mm deep on both sides of the membrane each 210 for each FS and DS. Variable speed gear pumps (Cole-Parmer, USA) were used to provide 211 crossflows under counter-current directions at a crossflow rate of 8.5 cm/s and solution 212
temperature of 25 ± 1 °C. All FDFO operations were carried out using 1 M fertilizers as DS 213
and CSG RO brine as FS under the AL-FS (i.e., active layer facing FS) mode of membrane 214 orientation. Both solutions were recirculated in a closed-loop system resulting in a batch 215 mode process operation. The DS tank was placed on a digital weighing scale and the weight 216 changes were recorded by a computer in real time every 3 minutes interval to determine the 217 water flux. Conductivity and pH meters (HACH, Germany) were connected to a computer 218 to monitor concentration and pH changes in the feed tank. 219
Physical cleaning 220
In order to investigate the effect of physical cleaning on water flux recovery of the 221 FO membrane after fouling, two different physical cleaning methods (i.e., hydraulic 222 washing and osmotic backwashing) were adopted for all FDFO experiments. Hydraulic 223 washing consisted of flushing DI water inside the DS and FS channels at 3 times higher 224 crossflow velocity (25.5 cm/s) for 30 minutes. 
2.4
Membrane surface characterization 240
The surfaces of FO membranes were observed and analysed by scanning electron 241 microscopy (SEM, Zeiss Supra 55VP, Carl Zeiss AG, Germany) and energy dispersive X-242 ray spectroscopy (EDX) following the procedures described in a previous study [29] . 243 Samples taken from each membrane were first lightly coated with Au/Pd. The SEM 244 imaging was carried out at an accelerating voltage of 10 kV and multiple image 245 magnifications at various areas were taken for each sample. 246 X-Ray diffraction (XRD) (Siemems D5000, USA) analysis was also performed over 247
Bragg angles ranging from 10° to 60° (Cu Kα, λ=1.54059 Å) to investigate the dominant 248 species responsible for scaling formed on the membrane surface. Membrane samples 249 collected after experiments were first soaked in DI water for a few minutes to remove any 250 feed or draw solutes and then dried in a desiccator for 1 day before SEM imaging was 251 measured. 252
Specific energy consumption (SEC) estimation 253
Energy consumptions of the three processes (i.e., RO, FDFO and RO-FDFO hybrid 254 process) were estimated in terms of SEC. ROSA 9.1 software (DOW FILMTEC, USA) was 255 used to estimate SEC of RO alone. SEC of the FDFO standalone process was estimated 256 based on the following equiation [30] : 257
where, ܲ ி is the feed pressure (bar), ܲ is the draw pressure (bar), ܳ ி is the feed flow rate 259 high concentration of organics, the viscosity will be seriously increased as the CSG 270 produced water is concentrated, which can result in a significant reduction in the pump 271 efficiency. However, since CSG produced water has quite low concentration of organics 272 (e.g., 1.7 mg/L TOC) [2], the pump efficiency can be assumed to be constant as 80%. 273
2.6
Final nutrient concentration simulation 274 Nutrient concentrations in the final product water can be simulated using the water 275 extraction capacity (V ext ) of 1 kg DS [15, 31] . This equation was derived under counter -276 current crossflow mode with an assumption of no forward salt flux (FSF) and no RSF. 277
where, ‫ܯ‬ ௪ is molecular weight of DS, ‫ܥ‬ , is the maximum DS concentration (solubility) 279 and ‫ܥ‬ , is the final DS concentration having equal osmotic pressure with the initial FS 280 concentration. In the FO process, RSF could have a significant impact on the FO process by 281 increasing the FS concentration and decreasing the DS concentration, resulting in lower 282 effective osmotic driving force. However, the effect of RSF on the FDFO process was not 283 considered for Eq. (3) and thus, the water extraction capacity by Eq. (3) is likely to be 284 over-estimated. In this study, therefore, Eq. (3) was modified by adopting the definition of 285 specific reverse salt flux (SRSF) as follows. 286
where SRSF is defined as the ratio of RSF to water flux in the FO process as 288 presented in Eq. (5). The SRSF is independent of membrane support layer properties and 289 can quantitatively elucidate FO membrane performance [25] . Here, we assumed that SRSF 290 is constant without any change even though membrane fouling occurs during operation. 291
where, n is the number of species that the draw solute dissociates into, A is the water 293 permeable coefficient, B is the salt permeable coefficient, ܴ is the gas constant, and T is 294 the temperature. Nutrient concentrations in the final produced water can be obtained by 295 using Eq. (6). This equation was derived from mass balance for draw solute. 296
where, ‫݅ݐܴܽ‬ ௨௧ is the ratio of each nutrient component and ܸ , is the final DS volume. 298
Based on Eq. (4), the draw solute loss and the maximum recovery rate of FDFO can be also 299 obtained as Eq. (7) and Eq. (8), respectively. 300
where, ‫ݏݏܮ‬ ௪ is the draw solute loss at the maximum recovery rate in FDFO, ܸ , is the 303 initial DS volume and ܴ ௫ is the maximum recovery rate in FDFO. 304 increasing the feed recovery rate of up to 75% beyond which the SEC started to increase 325 rapidly. This is due to the significant increase in hydraulic pressure needed to overcome the 326 increased osmotic pressure of the feed concentrate along the fee channel. For example, 327 osmotic pressure increases 4 times when recovery rate reaches up to 75% against 2 times 328 increase at 50% recovery rate. The reults in Fig 2 indicates that, the osmotic pressure of 329 feed concentrate increases exponentially with the recovery rates above 75% thereby 330 signficantly increasing the hydraulic pressure needed to overcome this enhanced osmotic 331 pressure. 332
The SEC of the FDFO process alone shows that, the SEC continuously reduced 333 with increasing recovery rate. In the RO process, the hydraulic driving force incresed with 334 the recovery rates due to increase in the the osmotic pressure of the feed and its concentrate 335 thereby incresaing the SEC. However, in the FDFO process, the driving force and the feed 336 recovery rates can be simply increased by increasing the initial DS concentration without 337 impacting the hydraulic pressure and SEC of the process [32] . Consequently, FDFO has 338 much lower SEC than RO due to its lower hydraulic operatiing pressure, consistent with 339 other studies [30, 33] . 340
Lastly, FDFO was combined with RO as shown in Fig. 1c to increase the overall 341 feed recovery rate without signficantly impacting on the SEC. As discussed above, whenthe RO process is used alone, it was found that SEC increased rapidly with feed recovery 343 rates above 75% . When FDFO is combined with RO for the treatment of its brine after 75% 344 recovery rate, the overall recovery rate can be signficantly increased without much impact 345 on the total energy consumption or the combined SEC. Simulation results showed that SEC 346 of the RO-FDFO combined process continuously decreased even up to 95% recovery rate. 347
Based on all the SEC simulation results above, it can be concluded that FDFO alone is the 348 most economic process followed by the RO-FDFO hybrid process and RO alone. 349 Before the simulation, SRSF was experimentally measured and presented in Table. ICP effects induced by the mass transfer resistance (K) within the membrane support layer. 365
Since mass transfer resistance refers to the ratio between the S parameter and diffusivity of 366 DS, a draw solute with higher diffusivity has low mass transfer resistance and should have 367 high water flux [17, 25] . In terms of RSF, SOA exhibited the lowest RSF followed by DAP, 368 CAN and KNO 3 . Unlike the water flux, the trend for RSF with diffusivity was quite 369 different. This is because RSF is theoretically a function of not only the effective 370 concentration gradient across the active layer of the FO membrane but also the salt 371 rejecting properties of the membrane [17, 34] . As a consequence, SRSF of fertilizer DS was 372 determined by the salt permeable coefficient (B value) which varies with fertilizers. From 373 these results, it can be drawn that SOA is possibly the optimum fertilizer DS in terms of 374 draw solute loss and maximum recovery rate since it has the smallest draw solute loss with 375 the same volume of feed water extraction. 376
The draw solute loss and the maximum recovery rate of both FDFO and RO-FDFO 377 hybrid processes were firstly simulated using Eq. (7) and Eq. (8), respectively and 378 presented in Fig. 3 . As expected, in FDFO process, KNO 3 exhibited the highest draw solute 379 loss followed by DAP, CAN and SOA (Fig. 3a) . It is interesting to note that DAP showed 380 higher draw solute loss than CAN in spite of its lower SRSF. This is because the draw 381 solute loss is affected by both the extraction capacity and SRSF as shown in Eq. (7), 382 indicating that higher extration capacity of DAP also induced higher draw solute loss. 383
Unlike the draw solute loss (Fig. 3) , DAP showed the highest maximum recovery 386 followed by SOA, KNO 3 and CAN. This different trend between draw solute loss and 387 maximum recovery rate was originated from their different dominant mechanisms. As we 388 discussed above, draw solute loss was dominantly determined by both SRSF and recovery 389 rate. However, maximum recovery rate was obtained from the extraction capacity of 390 fertilizer DS which is affected by osmotic pressure of fertilizer DS. For example, as shown 391 in Eq. (4), if DS has high osmotic pressure at low concentration, its water extraction 392 capacity will be high based on osmotic equillibrium and thus total recovery rate will be 393 high. Similarly, since DAP has the highest osmotic pressure among fertilizers, DAP 394 exhibitied the highest maximum recovery rate in spite of its high SRSF. Results from Fig. 3  395 show that, to achieve low draw solute loss and high maximum recovery rate in FDFO, 396 fertilizer DS should have low SRSF and high osmotic pressure. Compared to the FDFO process, the RO-FDFO hybrid process exhibited lower 403 draw solute loss and higher maximum recovery rate with all fertilizers. In the RO-FDFO 404 hybrid process, RO produced 75% of the feed as clean water while the FDFO process was 405 used to further extract water only from the concentrate to increase the overall feed recovery 406 rate to 95%. Therefore, the amount of the extracted water from the feed water by FDFO 407 process in the hybrid system was lower than that in FDFO alone. As a result, the draw 408 solute loss in the RO-FDFO hybrid process was much lower than that in FDFO. However, 409 the RO-FDFO hybrid process exhibited higher maximum recovery rate than FDFO alone 410 and this difference is likely induced by the difference of draw solute loss during the FDFO 411 processes. In the FDFO process, the higher amount of draw solute was lost to the FS and 412 thus the concentration of diluted DS could reached faster to its concentration that has equal 413 osmotic pressure as the inital FS, resulting in a lower maximum recovery rate. It is very 414 interesting to note that the trend of the maximum recovery rate between FDFO and the the 415 RO-FDFO hybrid process was quite different. Although DAP showed the highest 416 maximum recovery rates for both the processes however, other fertilizers showed a 417 different trend. This is because, besides osmotic pressure, SRSF of the fertilizer DS is also 418 an important factor for determining the maximum recovery rate. For example, as recovery 419 rate increases, the loss of draw solute becomes more significant thereby accelerating the 420 reduction of DS concentration resulting in a decrease in the maximum recovery rates. 421 Therefore, by combining RO with FDFO, draw solute loss can be minimized and total 422 recovery rate can be maximized. 423
The nutrient concentrations in the final FDFO product water were further simulated 424 in terms of major nutrients (N/P/K) using Eq. (5) to find out which process is more suitable 425 for producing favourable nutrient water for irrigation. Results shown in Table 2 indicate 426 that KNO 3 in the FDFO process exhibited the lowest nitrogen concentration followed by 427 DAP, SOA and CAN since KNO 3 has the lowest nitrogen content (i.e., 13.85%) and the 428 highest draw solute loss (Fig. 3a) . Although a loss in the draw solute could affect the 429 nutrient concentration however, the final DS concentration is mainly determined by 430 osmotic equilibrium with the initial FS concentration. 431 432 day operation followed by CAN, SOA and DAP. This is because FS conductivity with 468 KNO 3 was rapidly increased from 21.29 mS/cm to 40.9 mS/cm as presented in Table S4  469 due to its highest draw solute loss by RSF (Table S3) Table S4 showed that FS conductivity 489 with CAN significantly increased from 20.63 mS/cm to 31.6 mS/cm, resulting in a 490 reduction in the concentration gradient between FS and DS. In addition, Fig. 5b revealed  491 that the surface of FO membrane with CAN was covered by thick scaling layer, the likely 492 main cause of the severe flux decline. When comparing SOA with DAP, it is interesting to 493 note that DAP exhibited lower flux decline even though severer membrane fouling seems 494 to have occurred on the membrane surface with DAP as shown in Fig. 5c . As shown in Fig.  495 5e, no apparent fouling layer was however observed on the membrane surface with SOA as 496 DS. A lower flux decline with DAP as DS may be due to lower feed recovery rate with 497 DAP as its FS conductivity increased only slightly from 20.84 mS/cm to 26.3 mS/cm while 498 that with SOA increased from 20.58 mS/cm to 28.5 mS/cm. 499
From these results, it can be concluded that an increase in FS concentration (batch 500 process) and a decrease in DS concentration due to the loss by RSF were the dominant 501 factor affecting the flux decline in the FDFO process even though membrane fouling layer 502 was formed on the membrane surface with some fertilizers. It is interesting to compare 503 experimental SRSF without a fouling layer with the change in the FS conductivity in terms 504 of specific conductivity increment which is defined as a ratio of the difference between 505 initial and final conductivities to accumulated permeate volume. KNO 3 showed the highest 506 specific FS conductivity increment followed by CAN, SOA and DAP, while KNO 3 507 exhibited the highest SRSF followed by CAN, DAP, SOA. KNO 3 and CAN showed the 508 similar trend since they had very high SRSF while on the other hand, DAP and SOA with 509 quite low SRSF had the different trend, implying that the fouling layer can have an impact 510 on reducing SRSF in FDFO. 511
To identify the scaling layer formed on the membrane surface with a variety of 512 fertilizer DS, XRD analysis was carried out on the fouled/scaled membrane surface and 513 presented in Fig. 6a . Results show that the membrane with KNO 3 and SOA has similar 514 XRD peaks to the virgin membrane, indicating that no scaling layer was formed on the 515 membrane surface, consistent with SEM analysis results ( Fig. 5d and 5e ). As shown in 516 Table 1 , CSG RO brine is composed of various scaling precursors including calcium, 517 magnesium, phosphate and carbonate ions, indicating that CSG RO brine has high scaling 518 potential. Thus, membrane scaling can be formed on the membrane surface when CSG RO 519 brine is highly concentrated [35] . Furthermore, since KNO 3 and SOA did not contain any 520 scaling precursor, RSF could not affect membrane scaling formation as depicted in Fig. 7a . used with CAN, most XRD peaks were identical to virgin membrane but some peaks were 538 not visible and some new peaks appeared suggesting that these XRD peaks likely 539 originated from the membrane scaling layer, not the membrane surface. Since calcium was 540
found from EDX analysis (data not shown), XRD peaks with CAN were compared with 541 reference peaks of calcium carbonate (Fig. 6b) which agreed very well indicating the 542 presence of CaCO 3 scaling on the membrane surface. Since magnesium and phosphorous 543 were also found from EDX analysis (data not shown), XRD peaks with DAP were also 544 compared with reference peaks of magnesium phosphate and struvite (Fig. 6c) . Resultsagreed with struvite, indicating that the scaling layer was primarily composed of struvite. 546
These results suggested that the membrane scaling is significantly affected by draw solute 547 containing scaling precursors such as calcium and phosphate as shown in Fig. 7b . Due to 548 the high concentration gradient, draw solute with a scaling precursor can pass through FO 549 membrane and accelerate ions concentration on the membrane surface [36] . If this exceeds 550 its solubility limits such as of calcium carbonate, magnesium phosphate and struvite, it 551 results in the formation of scales on the membrane surface contributing to flux decline. 552
Besides, the reversely diffused draw solutes can interact with certain ions in FS and induce 553 the formation of a scaling layer [37] . As a result, calcium carbonate and struvite were 554 dominantly formed on the membrane surface with CAN and DAP, respectively. 555
It is very interesting to note that struvite was formed on the FO membrane with 556 DAP DS rather than Ca 3 (PO 4 ) 2 and Mg 3 (PO 4 ) 2 even though their solubility product 557 constants are much lower than struvite. Ca The results of membrane physical cleaning show that the water fluxes were fully 570 recovered for FO membrane used with KNO 3 and SOA, which are consistent with SEM 571 results (Fig. 8a) . Fig S2c and S2d indicated that the membrane fouling layer formed on the 572 active layer could be readily removed by physical or hydraulic washing. This is because, as 573 previously discussed, KNO 3 and SOA have low scaling potential while CAN and DAP 574 exhibited less than 90% water flux recovery. These poor flux recovery rates (i.e., 82.3% 575 and 86.6%, respectively) of FO membrane operated with CAN and DAP show that physical 576 or hydraulic washing was not effective in removing the membrane foulants formed on the 577 active layer. Chemical cleaning was further investigated for the complete removal of the 597 fouling/scaling layer using three different chemicals (EDTA 1mM, NaOH 1mM and citric 598 acid 1%), and the results are presented in Fig. 9a . The fouled FO membrane with CAN was 599 utilized for this study since CAN showed the most severe membrane fouling as well as high 600 flux decline. Fig. 9a demonstrated that 1% citric acid was more efficienct for recovering 601 water flux compared to the other chemicals (i.e., EDTA 1mM and NaOH 1mM). Moreover, 602 SEM images (Fig. S3d) showed that the fouling layer structure was slightly changed by 603 exposure to citric acid 1%. Citric acid is a weak acid which can dissolve inorganic mineralsas a chelating agent [40] . Therefore, this can lead to complex with Ca Interestingly, 1 mM EDTA and 1 mM NaOH showed better cleaning efficiency than 616 hydraulic washing. EDTA is generally utilized for distrupting the fouling layer structure 617 through a ligand exchange between EDTA and organic-divalent complexes [26] . Therefore, 618 1 mM EDTA was effective for removing calcium carbonate scaling, resulting in an increase 619 in water flux recovery [19] . However, Fig. S3b shows that 1 mM EDTA could not remove 620 the scaling layer. NaOH has been used for dissolving organic foulants in basic solution [27] , 621 but it was efficient for recoverying water flux even though the major fouling mechanismwas membrane scaling enhanced by RSF. This is because CSG RO brine was a mixture of 623 organics and inorganics as shown in Table 1 , which can accelerate membrane fouling due 624 to synergistic effects by combined organic-inorganic fouling [41] . Thus, NaOH could 625 enhance water flux recovery by disolving organics from the combined fouling layer. 626
However, Fig. S3c indicates that the effect of NaOH on membrane cleaning efficiency is 627 limited. 628
To further enhance the cleaning efficiency, chemical cleanings were carried out by 629 increasing the citric acid concentration. By increasing the citric acid concentration from 1 % 630 to 3 %, the water flux recovery was slightly enhanced (Fig. 9b) and 
Conclusions 641
In this study, three processes (i.e., RO alone, FDFO alone and the RO-FDFO hybrid 642 process) in terms of SEC and nutrient concentrations in the final FDFO product water were 643 evaluated and compared. Membrane fouling in FDFO during CSG RO brine treatment wasthen investigated and the strategies of controlling membrane fouling were also assessed. 645
The primary findings drawn from this study are summarized as follows: 646
• SEC analysis showed that FDFO alone has the lowest SEC followed by the RO-647 FDFO hybrid process and RO alone. 648
• Simulation of the final nutrient concentration suggested that the RO-FDFO hybrid 649 system can achieve lower final concentration, higher maximum recovery and lower 650 nutrient loss compared to FDFO process alone. 651
• From both SEC analysis and final nutrient simulation, it can be drawn that the RO-652 FDFO hybrid process is the most promising process for both CSG RO brine 653 treatment and favorable nutrient supply. 654
• During CSG RO brine treatment, KNO 3 exhibited the highest flux decline than 655 other fertilizers since FS concentration was highly increased due to high RSF. 656
• CAN showed the most severe membrane scaling caused by reversely transported 657 calcium ions to FS. 658
• To control membrane fouling in the FDFO process, citric acid cleaning was the 659 most effective chemical agent for chemical cleaning. 660 661
